Climate change stressors greatly impact the early life-stages of many organisms but their 14 cryptic morphology often renders them difficult to monitor using morphological 15 identification. High-throughput sequencing of DNA amplicons (metabarcoding) is 16 potentially a rapid and cost-effective method to monitor early life-stages for management 17 and environmental impact assessment purposes. Yet, there is conflicting information 18 about the quantitative capability of metabarcoding. We compared metabarcoding with 19 traditional morphological identification to evaluate taxonomic precision and reliability of 20 abundance estimates, using 332 fish larvae from multinet hauls (0-50m depth) collected 21 at 14 offshore sampling sites in the Irish and Celtic seas. To improve relative abundance 22 estimates, the amount of tissue for each specimen was standardised and mitochondrial 23 primers with conserved binding sites were used. Family level correction factors for 24 amplification bias and back-calculations were applied to estimate numbers of individuals 25 of a given taxon in a sample. Estimates from metabarcoding reads and morphological 26 assessment were positively correlated for relative family abundances as well as taxon 27 richness (Rs=0.81, P=0.007) and diversity (Rs=0.88, P=0.003). After applying family 28 level correction, back-estimates of the number of individuals per family within a sample 29 were accurate to ± 2 individuals. Spatial patterns of community composition did not differ 30 significantly between metabarcoding and morphological assessments. 31
Introduction 37
Over the course of this century, climate change is expected to become the greatest driver of 38 change in both terrestrial and marine biodiversity (Garciá Molinos et al., 2016) . The sensitivity 39 of organisms' early life stages to abiotic stressors plays a central role in driving ecological 40 responses to climate change (Radchuk, Turlure, & Schtickzelle, 2013) . Therefore, monitoring 41
of larval organisms provides critical information to understand these responses over time 42 (Asch, 2015) , informing conservation measures, policy and regulation (Ellis, Milligan, 43 Readdy, Taylor, & Brown, 2012; Borja, Elliott, Uyarra, Carstensen, & Mea, 2017). However, 44 the cryptic morphology of early life-stage organisms can render them difficult to monitor using 45 morphological identification (Sigut et al., 2017) , as, for example, in the case of fish larvae 46 (Brechon, Coombs, Sims, & Griffiths, 2013; Kimmerling et al., 2018) . 47
Traditional fish larvae monitoring involves identifying each individual using a light 48 microscope, counting myotomes, assessing pigmentation patterns and jaw morphology (Russel 49 1976 ). Yet, identification keys are incomplete for many parts of the world (Becker, Sales, 50 Santos, Santos, & Carvalho, 2015) and, where descriptions are available, morphological 51 assessment is time consuming and requires specialist training (Brechon et al., 2013) . 52
Morphological taxonomy also relies on the identifying features remaining intact for species 53 level assignment (Russel, 1976 ), but damage is common during sampling (e.g. continuous 54 plankton recorders), leading to misidentification and loss of valuable information (Richardson 55 et al., 2006) . 56
In cases where morphological identification is unfeasible, DNA sequencing technologies may 57 be used to identify organisms (Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 2012) . 58
The development of high-throughput sequencing technology allows amplicon-based 59 sequencing (metabarcoding) of multiple individuals of various species concurrently (i.e. bulk 60 samples), providing a relatively quick method of processing many samples to obtain 61 taxonomical information (Taberlet et al., 2012) . However, obtaining accurate abundance 62 estimates through relative read abundance (RRA) from amplicon sequence data has remained 63 challenging (Deagle et al., 2019; Lamb et al., 2019) . This is because biases in RRA estimations 64 can be introduced at different stages of the metabarcoding protocol, for example, cell and DNA 65 quantity, extraction success and PCR amplification rates can vary between tissue type and 66 species (Lamb et al., 2019) , leading to inaccurate estimates. Another source of bias can arise 67 from unequal body size of individuals pooled within a bulk sample, which can be mitigated by 68 size fractionation of organisms prior to extraction, increasing the reliability of RRA estimates 69 (Elbrecht et al., 2017) . The choice primers and target region may introduce further bias 70 (Deagle, Jarman, Coissac, Pompanon, & Taberlet, 2014). These biases have led to designing 71 costly and bioinformatically challenging metagenomic approaches (Tang et al., 2015; 72 Kimmerling et al., 2018) or to the use of multiple loci (Richardson et al., 2015) to estimate 73
abundance. 74
Improving the reliability of abundance estimates is thus needed to make metabarcoding more 75 useful for biodiversity monitoring, calculation of metrics such as diversity indices, as well as 76 detection of shifts in multispecies community composition (Bohmann et al., 2014 Here, using a single mitochondrial marker (12S ribosomal RNA), we improved the reliability 88 of DNA metabarcoding abundance estimates by standardizing input material, choosing 89 conserved primer binding sites and applying correction factors for amplification bias. Using 90 bulk fish larvae samples from the Irish and Celtic Seas, we compared the sensitivity and 91 accuracy of this approach with traditional morphological identification, to assess whether 92 metabarcoding can be a feasible and rapid alternative to traditional assessment for estimating 93 fish larvae richness, diversity and community composition metrics. 94 95
Materials and Methods 96

Field sampling 97
Sampling was carried out onboard the RV Celtic Voyager between May 17 th and May 26 th 98 2018. Fish larvae (3-30mm) from 14 hauls (1 oblique haul to 50m depth per site) were sampled 99 using a MultiNet plankton sampler (Hydro-Bios, Kiel, Germany), filtering a mean volume of 100 215 ± 55 m 3 of water for hauls 1-8 and 12. Hauls 9-14 (with the exception of haul 12) were 101 sampled in two vertical hauls, from the surface to 50m, filtering a mean volume of 38 ± 6m 3 , 102 both hauls were pooled. Fish larvae from each haul were separated from other zooplankton 103 species and preserved in RNAlater at room temperature for 24hrs, then refrigerated at 4°C until 104 morphological identification. 105 106
Morphological Identification 107
Fish larvae ranged from 2mm-30mm total length. For morphological identification larvae were 108 first separated into major groupings following Russel (1976) and subsequently assigned to 109 family level. Assignment to genus, and species where possible, was then carried out. 110
Assignments were checked against the species descriptions first in Russel (1976), and, where 111 possible, double checked against the description by Rodriguez et al. (2017) . If the taxa of a 112 particular individual could not be confidently assigned, the specimen was pooled with 113 individuals of similar morphology and a specimen of the group added to a reference collection. 114
The reference collection contained 32 individuals subsampled across all 9 hauls and was used 115 test morphological identification accuracy and correct morphological taxonomic assignments. 116
The collection was barcoded using Sanger sequencing using the 12S V5 primers ( with 12S V5, due database limitations or synonymous sequences, CO1 barcoding (Ward, 121 Zemlak, Innes, Last, & Hebert, 2005) was also used. The reference collection was used to 122 calculate the accuracy of taxonomic identification to family, genus and species levels. In cases 123 when the morphological and barcoding assignments differed in the reference collection, 124 barcoding identities were used to correct the morphological assignments for 75 of the 332 125 larvae for downstream analysis, referred to as Sanger corrected identities. Ammodytidae and 126
Clupeidae were not discriminated using this method, due to similar morphologies preventing 127 accurate groupings within these families. Additionally, a separate sub-group of specimens (15) 128 were analysed by a second taxonomist to estimate accuracy and repeatability. 129
130
DNA extraction 131
After taxonomic identification, bulk tissue samples for each haul were prepared for DNA 132 extraction as follows: 5mg (+/-3mg) of tissue were cut from the area anterior to the tail of each 133 larva (for individuals <5mg, the entire larva was used) and placed in a falcon tube on ice. Buffer 134 ATL and proteinase K (Qiagen DNeasy Blood and Tissue kit) were then added to the pooled 135 tissue sample in a ratio of 180µl of ATL and 20µl proteinase K for 15mg of tissue. Each falcon 136 tube (representing a haul) was vortexed thoroughly and incubated overnight to digest at 56°C, 137
shaking at 65 rpm. Samples were visually inspected for tissue remnants, vortexed and re-138 incubated until all tissue dissolved. Digestions from each haul were then vortexed for 45 139 seconds to ensure thorough mixing of digested products and divided in three sub-samples of 140
200ul that were extracted using the Qiagen DNeasy Blood and Tissue kit, following the 141 manufacturer's instructions. Extraction blanks were carried through each step of the process. 142
To ascertain whether taxa were subject to PCR bias, two mock communities were generated 143 by pooling known concentrations of genomic DNA (quantified using Qubit dsDNA HS Assay 144 parameter may lead to false positive assignments, KNN assignments were then verified using 199 NCBI megaBLAST, with max-target sequences =10. The top 10 assignments were screened 200 for UK species (Fish Base) on a case by case basis. Where the percentage of UK species match 201 fell below 98%, or where multiple UK species matched above a 98% match, MEGAN (6.15.1) 202
was were used to assign species to the lowest common ancestor (Huson, Auch, Qi, & Schuster, 203 2007) . ASVs for which there were no vertebrate matches were discarded from downstream 204 analysis. A subsample of the assignments (32 specimens) were then checked, using the 205 sequences from the reference collection, to ascertain if they were present in the correct haul 206 and taxonomy was correctly assigned (100% were correct). 207
Tag jumping/cross contamination (Schnell, Bohmann, & Gilbert, 2015) was removed on the 208 following basis: a taxa was removed from a haul if it had less than 115 reads (maximum reads 209 for a single species in tag jumping control sample) or did not appear in all 3 replicates. 210
Family correction factors (FCFs) for sequencing bias were calculated based on (Thomas et al., 211 2014) for each family in each haul, using the following formula: 212
Where i is the family of interest, Ti is the proportion of the family in the bulk tissue sample, and 214
Pi is the proportion in the haul amplicon pool. FCFs were calculated for a given family in a 215
given haul and then averaged to provide a mean correction factor for each family (mFCF). For 216 spatial analysis, numbers of individuals of taxon in a haul were back-estimated from the 217 proportion of reads in the corresponding sample, as follows: 218
Where Ai is the abundance (number of individuals) of the taxon of interest (i) in a given haul, 220
N is total number of individuals in the haul, Pi is the proportion of that taxon in the haul 221 amplicon pool and mFCF is the mean tissue correction factor for the corresponding family. analysis of similarities (ANOSIM) were used to test whether there was a significant difference 239 in community composition between locations (Clarke, 1993), using both the CPUF and RPUF 240 methods. Where significant differences were detected, SIMPER analysis (Clarke, 1993) was 241 used to ascertain which taxa accounted for the differences observed. Diversity indices 242 calculations and multivariate spatial analyses were performed using Primer-v7 (Clarke & 243 Gorley, 2015) . 244
245
Results
246
A total of 332 fish larvae were caught in 11 of the 14 hauls in the survey. No larvae were 247 encountered in hauls 10, 11, and 14 and only one in hauls 1 and 6, therefore 9 of the 14 hauls 248
were used in metabarcoding. The maximum number of individuals per haul was 63 (haul 2) 249 (Table S1) . identified by two independent observers before Sanger sequencing, they were 100% and 93% 260 correctly assigned to family level by the first and second observer respectively, 86.3% and 261 53.3% to genus and 40% to species level in both cases. 262 A total of 3,398,391 raw pair end reads were generated for this study. After Qiime2 DADA 263 denoising, a total of 2,675,140 reads remained for downstream analysis. Once the taxonomic 264 assignment was complete, reads likely present due to tag jumping from concurrent sample 265 molar concentrations were varied, the relative input did not differ from the RRA (X 2 = 11.39, 280 df = 7, p-value = 0.12, Figure S1 ). 281 282
Comparison of taxonomy and abundance estimates by morphology and metabarcoding 283
The relative abundance of individuals identified morphologically in a sample and the 284 corresponding RRAs were positively correlated for all families assessed (Ammodytidae Rs 285 =0.93, P<0.001, Callionymidae Rs = 0.99, P<0.001, Clupeidae Rs = 0.97, P<0.001, Gadidae Rs 286 = P<0.001, Pleuronectidae Rs = 0.68, P = 0.05, Triglidae Rs = 0.88, P = 0.002, Figure S2 ). In 287 addition, no difference in diversity and taxon richness were detected between the relative 288 abundance of morphological assignments and RRA assignments (Spearman's Rank: richness: 289 Rs = 0.81, P=0.007, Shannon Index: Rs 0.88, P=0.003, Simpson's Diversity: Rs = 0.8, P= 0.01, 290 (Figure 4 ). In addition, Sardina pilchardus, Labrus mixtus/bergylta, Molva 296 molva, and a taxon belonging to the Gobiidae family, could only be detected using sequencing. 297
In contrast, M. merlangus, and Pollachius virens/pollachius, were identifiable through 298 morphology, but not resolved to species level by metabarcoding due to lack of variability of 299 the 12S fragment. C. harengus and S. sprattus could not be separated by morphology or 300
metabarcoding. 301
We calculated mFCFs to further improve abundance estimates by comparing the proportions 302 of the 6 most abundant families in the tissue mix to the proportions observed in the amplicon 303 pool on a haul by haul basis (Table 1) . Ammodytidae was the most strongly overrepresented, 304 resulting in the smallest mFCF (0.41) and Clupeidae was the most underrepresented, resulting 305 in the largest (1.69). When these mFCFs and back-estimation were applied to the RRA in a 306
given haul, the mean difference between the number of morphologically assessed 307
Ammodydidae and the number of individuals back-estimated from RRA was reduced to -0.54 308 (SD: 1.58) individuals, a mean improvement of 8.38 individuals per haul. Clupeidae abundance 309 back-estimates improved by mean 5.38 individuals, resulting in a mean difference of 1.04 (SD: 310 5.48) individuals per haul. Improvements were less marked for the remaining families ( Table  311 1). For families which were not strongly under/over represented (Triglidae and Callionymidae), 312 mFCFs did not improve back-estimates and were therefore not applied in RPUF calculations. 313 314
Spatial distribution of larvae assessed by both methods 315
Catch per unit filtered (CPUF) and back-estimated reads per unit filtered (RPUF), with mFCFs 316 applied to Clupeidae, Gadidae and Pleuronectidae families, were no different between 317 locations 1 and 2, and 1 and 3, although locations 2 and 3 differed in composition (ANOSIM 318 CPUF R=0.233, P = 0.039, RPUF R=0.218, P = 0.037, Table 2 ). SIMPER analysis (% 319 dissimilarity contribution) attributed 48.35% (CPUF) and 44.87% (RPUF) of the difference in 320 composition between locations 2 and 3 to three taxa: C. harengus/S. sprattus (CPUF: 21.44%, 321 RPUF: 19.91%), Triglidae (CPUF: 14.37%, RPUF: 14.05%) and Callionymidae (CPUF: 322 12.54%, RPUF: 10.91%) ( Table S3 ). The greatest difference observed in dissimilarity 323 contributions for the remaining, less abundant taxa was 2.7% (C. mustela). 324
325
Discussion 326
Here we demonstrate that metabarcoding is a reliable and practical alternative to traditional 327 morphological assessment. We show that accurate RRA estimates can be achieved by 328 2019). However, useful information may be obtained from the RRA within a sample, rendering 337 this approach often more informative than presence/absence assessment (Deagle et al., 2019) . 338
In contrast, metagenomic approaches that do not require PCR amplification can successfully 339 estimate abundance (e.g. Kimmerling et al., 2018) , although the costs and bioinformatic 340 complexity of this approach may be prohibitive in many contexts (Porter & Hajibabaei, 2018) . 341 Therefore, improvement of metabarcoding abundance estimates enables wider application of 342 amplicon sequencing. 343
We have shown that the use of approximately equal weights of tissue per individual can 344 improve RRA and diversity estimates. By using small pieces (~5mg) of tissue, we were also 345 able to eliminate the grinding/cryogenic grinding step when preparing samples for extraction, In comparison to morphological identification without the assistance of Sanger sequencing, 362 metabarcoding achieved higher taxonomic resolution and more accurate identifications to 363 family level. However, morphologically assessed groupings supported by barcoding using 364
Sanger reference sequencing achieved a similar level of assignment at the family level to 365 metabarcoding across the study. Yet, while short reads can struggle to resolve some families 366 to species level (Thomsen et al., 2016) , hindering species level data interpretation, we found 367 that the use of metabarcoding improved taxonomic assignment overall. Morphology performed 368 better than sequencing only in the case of Glyptocephalus cynoglossus, due to distinct 369 morphological characteristics, and in a few cases caused to lack of information or sequence 370 variation at the 12S region. In general, synonymous sequences at the target region resulted in 371 just two (e.g. C. harengus/S. sprattus) or three species (M. merlangus/P. pollachius/P. virens) 372 not being distinguished from each other. For studies requiring species level identification taxa 373 affected by lack of marker sequence information or variability, a qPCR approach (Brechon et 374 al., 2013) , or a family specific, multi primer approach (Riaz et al., 2011) could be easily used 375
to refine metabarcoding assignments. 376
For some applications, genus level analysis provides similar diversity and community 377 composition information than species level and would be appropriate, for example to detect 378 responses to environmental change (Hernandez, Carassou, Graham, & Powers, 2013) . In some 379 other cases, family level analysis has been deemed sufficient to detect broadscale changes, e.g. 380 after major environmental disturbance (Hernandez et al., 2013) . Therefore, dependent on 381 hypothesis, a single 12S marker may be sufficient. was observed for families where the mean difference prior to applying an mFCF was less than 391 1 individual (Callionymidae and Triglidae, Table 1) . 392
Correction factors are most useful for over or under represented taxa, if they are applicable 393 regardless of the species composition or number of individuals within a bulk sample (Thomas 394 et al., 2014 (Thomas 394 et al., , 2016 . Here, each sample varied not only in species composition but also in total 395 number of individuals (Table S1 ), suggesting that the application of correction factors can be 396 beneficial for field studies, where input material varies in terms of abundance and composition. 397
Further research is needed to see if mFCFs could be transferable from one study to another, 398 however, using subsamples within a study to calculate family specific factors is likely to 399 improve abundance estimates in the case of strongly over and underrepresented families. 400 Spatial patterns detected in community composition remained the same independent of whether 401 they were assessed using morphological (CPUF) or back-estimated metabarcoding (RPUF). 402
The small differences in abundance of rare taxa (Table S3) 
Conclusions 412
We have shown that using a single marker (12S), equal amounts of tissue per sample and 413 correction factors for amplification bias, and back-estimation of number of individuals, 414 metabarcoding can provide accurate quantitative abundance estimates for the calculation of 415 alpha and beta diversities. These methodological modifications could be applied to bulk 416 samples from different terrestrial and marine habitats to improve abundance estimates. 417
Specifically, we recommend the use of markers with highly conserved binding sites and using 418 a small, equally sized pieces of tissue from each specimen to minimise biases and handling 419 steps. Furthermore, where amplification bias does occur, the use of family level correction 420 factors is recommended. This provides a rapid, community level assessment method, that could 421 be used to further understand responses to disturbance and inter-annual or seasonal variability 422 and monitor biodiversity in a changing global climate. Glyptocephaus cycnoglossus has been re-assigned to Pleuronectidae to match metabarcoding 624 assignments to aid visual interpretation of abundances. 625 2a  2b  2c  2morph  2m_FCF  3a  3b  3c  3morph  3m_FCF  4a  4b  4c  4morph  4m_FCF  5a  5b  5c  5morph  5m_FCF  7a  7b  7c  7morph  7m_FCF  8a  8b  8c  8morph  8m_FCF  9a  9b  9c  9morph  9m_meta  12a  12b  12c  12morph  12m_FCF  13a  13b  13c  13morph 
